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Abstract

Yeast Rsp5 ubiquitin ligase is involved in several cellular processes, including endocytosis. Actin patches are sites of endocytosis, a process involving actin assembly and disassembly. Here we show Rsp5 localization in cortical patches and demonstrate its involvement in actin cytoskeleton organization and dynamics. We found that Rsp5-F1-GFP2 N-terminal fragment and full length GFP-Rsp5 were recruited to peripheral patches that temporarily co-localized with Abp1-mCherry, a marker of actin patches. Actin cytoskeleton organization was defective in a strain lacking RSP5 or overexpressing RSP5, and this phenotype was accompanied by morphological abnormalities. Overexpression of RSP5 caused hypersensitivity of cells to Latrunculin A, an actin-depolymerizing drug and was toxic to cells lacking Las17, an activator of actin nucleation. Moreover, Rsp5 was required for efficient actin polymerization in a whole cell extract based in vitro system. Rsp5 interacted with Las17 and Las17-binding proteins, Lsb1 and Lsb2, in a GST-Rsp5-WW2/3 pull down assay. Rsp5 ubiquitinated Lsb1-HA and Lsb2-HA without directing them for degradation. Overexpression of RSP5 increased the cellular level of HA-Las17 in wild type and in lsb1lsb2 strains in which the basal level of Las17 was already elevated. This increase was prevented in a strain devoid of Las17-binding protein Sla1 which is also a target of Rsp5 ubiquitination. Thus, Rsp5 together with Lsb1, Lsb2 and Sla1 regulate the level of Las17, an important activator of actin polymerization.

Introduction

Endocytosis is a process of plasma membrane invagination into the cell in which cytoplasmic vesicles are formed that are then able to fuse with early endosomes and enter the endomembrane system. Endocytosis is important for recycling plasma membrane lipids and proteins, for downregulation of plasma membrane receptors and transporters and for the uptake of external fluids. It is tightly linked to actin assembly and cortical patches are sites of endocytosis in yeast (Galletta and Cooper, 2009; Galletta et al., 2010; Michelot et al., 2010). The actin cytoskeleton also plays essential roles in other cellular processes, including cell polarization and cytokinesis. 
Yeast Rsp5 ubiquitin ligase, one of the E3 enzymes of the ubiquitination system (Hershko and Ciechanover, 1998), transfers ubiquitin to target proteins. Rsp5 has a C2-WW-Hect domain structure which places it as the unique yeast member of the Nedd4-like protein family. The C2 domain of Rsp5 binds phospholipids, the three WW domains are protein-binding modules, and the C-terminal Hect domain is the catalytic domain (Ingham et al., 2004). Rsp5 binds directly to substrate proteins containing a PY motif via its WW domains (Hesselberth et al., 2006) or indirectly through adaptor proteins containing a PY motif (Leon and Haguenauer-Tsapis, 2009; Sullivan et al., 2007). Rsp5 plays a versatile role in endocytosis: it ubiquitinates receptors and transporters promoting their endocytic downregulation (Rotin et al., 2000), subsequent multivesicular body (MVB) sorting and transport into the vacuole for degradation (Belgareh-Touze et al., 2008; Lauwers et al., 2010). Interestingly, early studies showed that Rsp5, apart from its role in ubiquitination of cargoes for internalization and sorting, also seemed to be involved in the regulation of the endocytic machinery, since some Rsp5 mutants displayed defective fluid phase endocytosis (Dunn and Hicke, 2001b; Gajewska et al., 2001). This could result from an effect of Rsp5 on the actin cytoskeleton. The first link between Rsp5 and actin cytoskeletal proteins was found in our earlier genetic studies: rsp5 caused a synthetic growth defect or synthetic lethality with many actin cytoskeleton mutations such as pan1, vrp1 and sla2 (Gajewska et al., 2001; Kaminska et al., 2002; Zoladek et al., 1997). The actin cytoskeleton link was further supported by the observation that overexpression of RSP5 or UBI1 (encoding ubiquitin) genes led to suppression of growth and actin cytoskeleton defects in the arp2-1 mutant (Kaminska et al., 2002), similarly to multicopy LAS17 gene which encodes an activator of actin nucleation (Madania et al., 1999). Additionally, some rsp5 mutants were found to be resistant to Latrunculin A (Lat-A) further supporting the idea that the Rsp5 ligase might be involved in actin dynamics (Kaminska et al., 2002). Moreover, ectopic production of the human homologue Nedd4 which is associated with a hereditary form of hypertension (Ingham et al., 2004) or its Nedd4w4 variant resulted in depolarization of the yeast actin cytoskeleton, hypersensitivity to Lat-A, and increased stability of Las17 (Stawiecka-Mirota et al., 2008).
Las17 (also called Bee1) is the unique and functional homologue of WASP (Wiskott-Aldrich Syndrome protein) family proteins in yeast (Derry et al., 1994; Li, 1997); it has a similar domain structure except that it lacks the GTPase-binding domain. Las17, like WASP, binds actin and interacts with and activates the Arp2/3 complex (Madania et al., 1999; Winter et al., 1999). It also interacts with verprolin (Naqvi et al., 1998), a functional homologue of WIP (WASP interacting protein) (Vaduva et al., 1999) and bins Syp1 (Boettner et al., 2009; Reider et al., 2009). Via its numerous proline-rich regions (PRR), Las17 also binds SH3 domain-containing proteins: Myo3/5 (Evangelista et al., 2000; Goode and Rodal, 2001), Rvs167 (Colwill et al., 1999; Madania et al., 1999), Sla1, Bbc1 (Rodal et al., 2003), Bzz1/Lsb7 (further referred to as Bzz1) (Soulard et al., 2002), Lsb1, Lsb2/Pin3 (further referred to as Lsb2), and several others (Drees et al., 2001). Sla1 and Bbc1 negatively regulate Las17 nucleation promoting activity of the actin nucleating Arp2/3 complex (Rodal et al., 2003), Syp1 is a recently described conserved endocytic adaptor involved in cargo selection and membrane tubulation; it also inhibits Las17 (Boettner et al., 2009; Reider et al., 2009). Myo3 and Myo5 have strong nucleation promoting activity independent of Las17 (Sun et al., 2006) and other Las17-binding proteins have uncharacterized functions. Yeast strains lacking Las17 are temperature sensitive for growth and have defects in actin cytoskeleton organization, cytokinesis and endocytosis (Li, 1997; Madania et al., 1999). It has been shown that the WASP gene can complement defects of las17 only when WIP is also expressed in the yeast cell (Rajmohan et al., 2006) since WASP is unable to interact with yeast homologue of WIP, the Las17-binding partner, verprolin (Rajmohan et al., 2006; Vaduva et al., 1999). Thus, the interaction of WASP with WIP is crucial for WASP functioning and the WASP-WIP complex is conserved in evolution. A Las17-binding protein, Rvs167, was found to be ubiquitinated by Rsp5 ligase confirming the involvement of ubiquitinated proteins in actin cytoskeleton organization and dynamics (Stamenova et al., 2004). Moreover, large scale proteomic studies have revealed that actin, Arp2, Arp3, Myo3, Sla1, Sla2, Lsb1, Lsb2, Las17 and other actin cytoskeleton-associated proteins are ubiquitination targets (Ho et al., 2002; Seyfried et al., 2008; Ziv et al., 2011), and Rsp5-dependent ubiquitination of Sla1, Sla2 and Lsb1 was confirmed in vitro and in vivo (Gupta et al., 2007; Lu et al., 2008; Stamenova et al., 2004). However, the physiological consequences of these ubiquitinations have not yet been studied. 
In this report we show that overexpression or deletion of RSP5 affects actin cytoskeleton organization and dynamics in vivo and that Rsp5 is necessary for actin polymerization in an in vitro system. Moreover, Rsp5 binds Lsb1, Lsb2 and Las17, ubiquitinates Lsb1 and Lsb2 and affects the level of Las17 in a Sla1-dependent and Lsb1/2 independent manner.

Materials and methods

Strains, media and genetic manipulations
E.coli strain DH5was used for plasmid propagation and BL21 (Novagen) for protein production. The yeast S. cerevisiae strains used in this study are: MHY501(Chen et al., 1993), PC10 rsp5::rsp5-1 (L733S in Hect domain), PC4 rsp5-w1, PC5 rsp5-w2, PC6 rsp5-w3 (mutations in WW domains (Gajewska et al., 2001), all integrated in MHY501; P. Chołbiński, IBB PAS, unpublished), RLY1 and RLY157 las17::LEU2 (Li, 1997), Y0003 and rsp5::HIS3 [SPT231-686] (Hoppe et al., 2000), YYM4 pdr5::TRP1 snq2::hisG (gift of K. Kuchler, Medical University Vienna, Austria), BY4741 and BY4742 (Euroscarf), BY4741 expressing LSB1-GFP, LSB2-GFP, LSB3-GFP, BZZ1-GFP, LAS17-GFP or RVS167-GFP (Invitrogen), BY4742 lsb1::kanMX4 BY4742 lsb2::kanMX4 , BY4742 sla1::kanMX4 (Euroscarf), Y1807 HA-LAS17::TRP1 (gift of Ch. Boone, University of Toronto, Canada), TZ29 rsp5-19 (P418L in WW3 (Kaliszewski et al., 2006; Zoladek et al., 1995), MNY7 (Neville and Rosbash, 1999) and MKY156 ABP1-mCherry::kanMX4 (gift from Kaksonen lab (Kaksonen et al., 2005). 
Yeast media used were YPD (1% yeast extract, 1% peptone, 2% glucose), SC synthetic minimal medium (0.67% yeast nitrogen base without amino acids, 2% glucose) with desired supplements (adenine, uracil, amino acids). SC medium was also supplemented with 0.1% 5-fluoroorotic acid (5-FOA). Yeast cells were grown at the indicated temperatures. 
Strains were crossed, sporulated and tetrads analyzed according to standard procedures (Sherman, 2002). The strains MS3 rsp5::rsp5-w1 pdr5::TRP1 snq2::hisG, MS5 rsp5::rsp5-w2 pdr5::TRP1 snq2::hisG and MS7 rsp5::rsp5-w2 pdr5-::TRP1 snq2::hisG were obtained by replacement of the RSP5 gene in the YYM4 strain, using integration plasmids YIpHA-rsp5–w1/w2/w3 (see below). Integrants were selected on SC-ura plates and then incubated on SC + 5’fluorouracil (5’FOA) plates to select for cells that had lost the URA3 marker. Allele replacement was confirmed by PCR, and Rsp5 HA-tagging was tested by Western blotting using anti-HA antibodies. Clones with no tag were taken for further analysis. RM2 lsb1::kanMX4 lsb2∆::HIS3 was constructed by disruption of LSB2 in BY4742 lsb1::kanMX4 using a HIS3 cassette. Strains JKJ131-2D HA-LAS17::TRP1, JK131-2C lsb1∆::kanMX4 lsb2∆ ::HIS3 HA-LAS17::TRP1, and JKJ153-2D HA-LAS17::TRP1 and JKJ153-2A sla1 HA-Las17::TRP1 are spores from a cross of RM2 with Y1807 or BY4742 sla1 with Y1807, respectively. mCherry-natNT2 casette (based on pYM14) was integrated into ABP1 gene of MNY7 to obtain KJK133 ABP1-mCherry strain.

Plasmids and plasmid construction
The plasmids used in this study are: YCp33 and YEp181 (Gietz and Sugino, 1988), YCp33-HA-RSP5 (Gajewska et al., 2001), YEp-RSP5 (YEp-NPI1, (Springael et al., 1999)), YEp-LAS17 (kind gift of A.K. Hopper, Ohio State University), YEp-LAS17-GFP (D. Drubin’s laboratory), YIp211-HA-rsp5-w1/w2/w3 (encoding Rsp5 protein with substitutions in WW1, WW2 and WW3, respectively (Gajewska et al., 2001)), YEp96 (Ellison and Hochstrasser, 1991), pCUP1–6HIS-Ub (encoding His-ubiquitin (Morvan et al., 2004)), pGEX4T-1 and pGEX4T-1-WW2/3 (Gwizdek et al., 2005), pGEX-5X1-MYO5-TH2-SH3 (Geli et al., 2000), pRS416 (Sikorski and Hieter, 1989), pIGinA-F1 encoding Rsp5-F1-GFP2 (Cholbinski et al., 2011), pRS414-PGAL1GFP-HA-RSP5 (Wang et al., 2001) and pYM14 encoding mCherry-natNT2 cassette (Janke et al., 2004). 
Plasmids pRS416-LSB1-HA and pRS416-LSB2-HA were constructed as follows. 3HA was PCR-amplified from pYM14 and cloned with EcoRI and EagI into pRS416 to obtain pRS416-HA. pRS416-LSB1-HA and pRS416-LSB2-HA were constructed by ligating between the SalI and EcoRI sites of pRS416-HA a fragment of genomic DNA from BY4742 containing 500 bp upstream and the open reading frame of LSB1 and LSB2, respectively. DNA and bacterial manipulations were carried out by standard techniques. Restriction enzymes, T4 ligase, alkaline phosphatase and Pfu Turbo polymerase were obtained from New England Biolabs (Beverly, MA, USA). The plasmid YCp111-HA-rsp5C777A was constructed by mutation of the plasmid YCp111-HA-RSP5 with a QuickChange kit (Stratagene) according to the manufacturers recommendations using the oligonucleotides GCCAAAATCTCACACAGCTTTTAACAGAGTTGATTTGC and GCAAATCAACTCTGTTAAAAGCTGTGTGAGATTTTGGC). 

Protein extracts and Western blot analysis
Cells were grown at 28oC in SC-ura to an OD600 of 0.4-0.6. Protein extracts were prepared after disrupting cells with glass beads (Gajewska et al., 2003). Samples were analyzed by a standard Western blot method using mouse monoclonal anti-HA (12CA5, Covance), anti-GFP (Roche), anti-Nedd4 (Millipore), anti-ubiquitin (P4D1, Santa Cruz) as well as anti-3-phosphoglycerate kinase (Pgk1, Molecular Probes) antibodies; secondary anti-mouse horseradish peroxidase-conjugated antibody (Daco) was followed by enhanced chemiluminescence (Amersham).

Lat-A halo assay
Sensitivity to Lat-A was tested as described by (Ayscough et al., 1997; Stawiecka-Mirota et al., 2008). Lat-A halo assay was performed using a derivative of YYM4 cells. Cells were pregrown in SC-ura or SC-ura-leu, plated on the same media and Lat-A was applied on paper discs put on plates. Cells were grown for 2-3 days at 28oC. Results are represented graphically as previously (Stawiecka-Mirota et al., 2008).

Actin staining
For actin cytoskeleton staining, we employed the same procedure as previously published (Kaminska et al., 2002). Briefly, cells were grown to early logarithmic phase, fixed for 2 h by the addition of formaldehyde (3.7% final), washed three times in phosphate-buffered saline (pH 6.5), and then stained with Oregon Green 488-conjugated phalloidin (Molecular Probes) for 2 h in the dark at room temperature. The cells were viewed by fluorescence microscopy using an Eclipse (Nikon) microscope equipped with a Hamamatsu ORCA 100 camera and images were collected using Lucia G software. The same fields were viewed by differential interference contrast (DIC) optics. Three independent experiments were performed and more than 100 dividing cells of each strain were scored for actin cytoskeleton organization. 

Immunoprecipitation
Immunoprecipitations for Lsb1-GFP, Lsb2-GFP and Las17-GFP were performed from 20-30 ODs of cells as described (Stawiecka-Mirota et al., 2007). For Western blot analysis of immunoprecipitated proteins monoclonal anti-GFP (Roche) and monoclonal anti-ubiquitin (clone P4D1) or anti-ubiquitin horseradish peroxidase conjugated (Santa Cruz) antibodies were used. 

GST pull-down  
Escherichia coli BL21 expressing glutathione S-transferase (GST) or GST-WW2/3 from the pGEX4T-1 plasmid (Gwizdek et al., 2005) were grown and used to purify fusion proteins. The pull-down reaction was performed as previously described (Stawiecka-Mirota et al., 2007). Proteins in the total extract, supernatant corresponding to unbound fraction, and proteins eluted from glutathione-sepharose 4B beads were analyzed by Western blotting.

In vitro actin polymerization assay 
The bead-directed actin polymerization assay was performed as described in (Soulard et al., 2002) with slight modifications. GST-Myo5-TH2-SH3 (Geli et al., 2000) was expressed from pGEX-5X1 vector in E. coli BL21 (Novagen). GST fusion proteins were freshly purified with glutathione-sepharose 4B (Amersham-Pharmacia). Yeast protein extracts were prepared from cells grown to 4 x 107 cells/ml, washed and resuspended in XB buffer (100 mM KCl, 2 mM MgCl2, 0.1 mM CaCl2, 5 mM EGTA, 1 mM dithiothreitol [DTT], 1 mM ATP, 10 mM HEPES pH 7.7, 50 mM sucrose) containing protease inhibitors, and broken by vigorous shaking with glass beads. Unbroken cells were eliminated by centrifugation at 20,000 x g at 4°C for 15 min. Extracts were used fresh or frozen in liquid N2 and stored at -80°C until used. The actin polymerization reaction was initiated by adding 2 to 3 μg of GST fusion protein to 7 μl of the appropriate yeast extract, together with 1 μl of ATP-regenerating mix (10 mg/ml of creatine kinase, 10 mM ATP, 10 mM MgCl2, 400 mM creatine phosphate) and 1 μl of 10 μM rhodamine-labeled actin (Cytoskeleton). After incubation for 10-60 min at room temperature, samples were observed with a fluorescence microscope (Axiovert 200M, Zeiss). As a control Lat-A was added to a final concentration of 10 μM prior to addition of the beads. 

Fluorescence microscopy 
For the observation of GFP fusions expressed from GAL promoter cells were grown at 30°C to logarithmic phase in SD-ura medium with 2% raffinose as a carbon source. Expression was induced for 4 h by the addition of galactose to a final concentration of 2%. For analysis of Lat-A-dependence of protein localization cells were treated with 1 M of Lat-A for 5 minutes before observation.
Cells were viewed with an Eclipse E800 (Nikon) fluorescence microscope equipped with a DS-5Mc (Nikon) camera. Images were collected using Lucia General 5.1 software (Laboratory Imaging Ltd.). Cells were also viewed by a confocal laser scanning microscope EZ-C1 (Nicon) Eclipse TE2000-E equipped with a Plan Apo 60X objective (NA 1.4). Excitation of GFP was with an argon-ion laser at 488 nm, and emission was detected at 515/530 nm. Excitation of mCherry was at 543 nm, and emission was detected with 610 LP filter. Images were collected with the EZ-C1 confocal v. 3.6 program (Nikon) and processed with EC1 Viewer 3.6 and Adobe Photoshop 8.0 in the Laboratory of Confocal and Fluorescence Microscopy, Institute of Biochemistry and Biophysics PAS. 

Results

Recruitment of Rsp5 N-terminus to cortical patches
Several groups including our laboratory have reported that Rsp5 is located in the cytoplasm (Gajewska et al., 2001; Katzmann et al., 2004; Wang et al., 2001) or in the nucleus and cytoplasm (Neumann et al., 2003). Rsp5 was enriched at the plasma membrane or cell periphery (Neumann et al., 2003) and in a number of intracellular puncta some of which co-localized with Golgi and endosomal markers (Katzmann et al., 2004; Wang et al., 2001). Rsp5 N-terminal fragment (aa 2-479, F1) bearing the C2 and WW1-3 domains, fused with tandem GFP (GFP2), was localized in punctate structures at the cell periphery (often enriched in small growing buds), at the mother-bud neck, and in some intracellular spots (Cholbinski et al., 2011) and Figure 1A and 1B ). This polarized localization of the Rsp5- F1-GFP was similar to that observed for GFP-Rsp5 by Neumann et al., (2003), but with less diffuse cytoplasmic staining and more clear punctate signal, indicating that the Rsp5-F1 fragment is able to localize Rsp5 to cortical structures. A colocalization experiment was performed by confocal microscopy using the known reporter for cortical actin patches, Abp1-mCherry, which is also an established reference for endocytic protein dynamics (Kaksonen et al., 2005). Rsp5-F1-GFP2 was localized to several punctate structures at the cell periphery and a few punctate structures inside the cell, as observed before (Figure 1A; Cholbinski et al., 2011). The transient co-localization of Rsp5-F1-GFP2 and Abp1-mCherry signals was clearly visible (Figure 1B). Up to three Rsp5-F1-GFP2 patches at the cell periphery co-localized with Abp1-mCherry in a cell section at the same time. To analyze the dynamics of this co-localization a video was recorded. Rsp5-F1-GFP2  was localized in immobile punctate structures for the entire observation time. Polymerized actin, marked by the Abp1-mCherry protein, appeared at those punctate structures for less than 20 s and after that the Abp1-containing patches moved rapidly inwards disappearing into the cell (Video S1). This suggests that cortical punctate structures containing Rsp5-F1-GFP2 are present at sites of endocytosis and may become a part of actin patches for a short time. Similar results were obtained for GFP-Rsp5; the peripheral patches transiently co-localized with Abp1-mCherry (Figure 1D). 
To test whether the localization of Rsp5-F1-GFP2 in the peripheral punctate structures depends on polymerized actin, we treated the cells with Lat-A which causes diffusion of the GFP signal to the cytoplasm if the localization is dependent on polymerized actin . The fluorescence of Rsp5-F1-GFP2 and Abp1-mCherry was observed before and after addition of Lat-A. As shown in Figure 1C addition of Lat-A caused a loss of Abp-mCherry localization from the patches; only diffuse cytoplasmic staining was observed. In contrast, Rsp5-F1-GFP2 was stably associated with punctate structures at the cell periphery. This indicates that Rsp5-F1-GFP2 can localize in punctate structures in an F-actin independent manner. Several endocytic proteins such as Las17 and Sla1 localize in a F-actin independent manner to endocytic site (Kaksonen et al., 2006). 

Actin cytoskeleton organization and dynamics are defective in rsp5 mutants and cells overexpressing RSP5
As assessed previously by phalloidin staining of filamentous actin some rsp5 mutants (rsp5-w1, rsp5-w2, rsp5-w3 (substitutions in WW domains)) tested did not display defects in the organization of the actin cytoskeleton (Kaminska et al., 2002). Here, we tested whether overexpression of RSP5 or its deletion (Hoppe et al., 2000) would influence actin organization. During polarized growth, in wild type cells bearing an empty vector actin patches were concentrated in the bud and at the mother-bud neck, with actin cables aligned along the mother-bud axis. However, after overexpression of RSP5 from single- or multicopy vector, all cells were much larger compared with the wild type strain bearing the empty vector and many had distorted symmetry. Also actin cables had abnormal orientation in many cells (Figure 2A and S1). The shape of the enlarged cells depended on the genetic background (see Figure 2A and 3D). Actin cytoskeleton abnormalities were not observed when mutant allele rsp5-C777A encoding catalytically inactive protein was expressed (Figure S1A).
RSP5 is an essential gene and survival of rsp5 strain is only possible if supported by a plasmid bearing a truncated version of the SPT23 transcriptional regulator gene (Hoppe et al., 2000). rsp5∆ [SPT231-686] cells that we tested, further referred to as rsp5, grew at temperatures below 28oC, but more slowly than wild type strain and varied in shape and size (Figure 2A). Some were of normal morphology but 23% of the cells were larger and distorted (versus 3% of larger cells in a wild type strain). Some actin patches were grouped in actin clumps or aggregates and actin cables were not easily visible in some cells (Figure 2A right). These phenotypes were complemented by RSP5 but not by rsp5-C777A expressed from the plasmid (Figure S1B). Overall, the defective actin cytoskeleton organization in cells with overexpressed or deleted RSP5 indicates that Rsp5 is a necessary actin cytoskeleton polarity determinant and extremes of RSP5 dosage interfere with normal actin cytoskeleton polarity.
It has been shown that strains with disturbed actin cytoskeleton organization are hypersensitive or resistant to Lat-A (Ayscough, 2000). Lat-A is a drug that blocks actin polymerization by binding actin monomers. The Lat-A halo assay enabled us to assess the turnover of filamentous actin by observing the sensitivity or resistance of wild type cells overexpressing RSP5, and of different rsp5 mutants. A wild type strain was transformed with an empty plasmid or with a multicopy plasmid bearing RSP5 (overexpressed) and tested for Lat-A sensitivity. Overexpression of RSP5 increased the sensitivity to Lat-A, as evidenced by growth inhibition around Lat-A disks, indicating that the actin cytoskeleton was less stable (Figure 2B left). Expression of rsp5-C777A in a wild type strain allele did not affect Lat-A sensitivity of the wild type strain (Figure S1B). A set of isogenic strains with genomic mutations rsp5-w1, rsp5-w2, or rsp5-w3, inactivating individual WW domains of Rsp5, was constructed and also tested for Lat-A sensitivity. The rsp5-w1 and rsp5-w2 strains were resistant to Lat-A (Figure 2B right) indicating a reduction in actin dynamics in those strains compared to wild type. Resistance of rsp5-w1 had been previously shown (Kaminska et al., 2002). On the other hand, the growth of rsp5-w3 (Figure 2B) in the presence of Lat-A was similar to that of the wild type. Thus, Rsp5 affects actin dynamics but its WW3 domain does not appear to be important for this. 

RSP5 interacts genetically with LAS17
To learn more on the Rsp5 involvement in the regulation of the actin cytoskeleton we analyzed the genetic interactions of RSP5 and LAS17. The rsp5-19 (substitution in the WW3 domain) and las17temperature-sensitive mutants were crossed and the progeny of the resulting diploid was analyzed. The double rsp5-19 las17 mutants germinated but grew extremely slowly at 23oC, a temperature at which both single mutants can grow (Figure 3A), indicating a severe synthetic growth defect for rsp5-19 las17. A similar interaction was previously observed between  las17and arp2 mutants (Madania et al., 1999) defective in the Arp2/3 complex. This prompted us to test whether overexpression of LAS17 influences the resistance of rsp5-w1, rsp5-w2 or rsp5-w3 to Lat-A. We performed the Lat-A halo assay with the respective transformants and found that indeed their resistance to Lat-A was reduced as was that of the wild type strain, when LAS17 was overproduced (Figure 3B). Overexpression of LAS17 caused Lat-A hypersensitivity of the wild type strain. This effect was less pronounced in the rsp5-w1 and rsp5-w2 mutants. In this experiment rsp5-w3 was also slightly more resistant to Lat-A than wild type. However, this difference is small and may have resulted from different media used (SC-ura in Figure 3B versus YPD in Figure 2B). These results point to a function of the WW1 and WW2 domains of Rsp5 in actin cytoskeleton dynamics in vivo. 
We also examined how overexpression of RSP5 affected growth and actin cytoskeleton organization in las17∆ cells and, reciprocally, how overexpression of LAS17 affected growth of rsp5 mutants. Although no obvious suppression or enhancement of growth defects of the rsp5 mutants tested was observed upon overexpression of LAS17 (our unpublished result), overexpression of RSP5 was toxic to las17∆ cells at higher temperatures showing no growth at 34°C and less growth at 28°C (Figure 3C). Actin cytoskeleton staining of wild type cells with fluorescence-labelled phalloidin showed that the actin cytoskeleton was properly polarized and cells had normal morphology, as expected (Figure 3D). After RSP5 overexpression, the staining was weak and the actin cytoskeleton appeared to be depolarized and dispersed. In addition, the morphology of cells was dramatically changed, they were elongated and their symmetry was lost due to abnormal bud site selection (Figure 3D). Such changes in morphology indicate that there are defects in the actin cytoskeleton upon overexpression of RSP5 but also show that the observed effects strongly depend on the genetic background.
The actin cytoskeletal organization is abnormal in the las17∆ strains in different genetic backgrounds, albeit with varying severity. Actin is disorganized into large actin clumps in the mother cell as well as in the bud, and cables are not visible (Li, 1997). Overexpression of RSP5 in las17 cells caused dispersion of the actin clumps, which were much smaller than in las17∆ cells. Cells were also larger and buds were elongated. However, in contrast to the parental wild type strain overexpressing RSP5, in las17∆ cells overexpressing RSP5, mother cells were less elongated and their symmetry was normal (Figure 3D). The strong genetic interaction between the RSP5 and LAS17 genes is further evidence that both genes are involved in the same process.

In vitro actin polymerization with rsp5 extracts 
To try to unravel the effect Rsp5 had on the actin cytoskeleton we performed an in vitro visual actin polymerization assay (Soulard et al., 2002). In this assay, actin is rhodamine labelled and polymerization is triggered by proteins capable of recruiting the actin machinery or by fragments of these proteins, such as the Myo5 tail (GST-Myo5-TH2-SH3) (Geli et al., 2000) or the Bzz1 SH3 domains (Soulard et al., 2002) immobilized as GST fusions on glutathione-sepharose beads. The protein or protein domain recruits the protein machinery needed for nucleation of actin polymerization from a total cell extract. We tested whether the recruitment of the actin polymerization machinery using Myo5 tail induced actin polymerization would be affected in the presence of extracts from various rsp5 mutants. Beads coated with either GST alone or with GST-Myo5-TH2-SH3 were incubated with extracts from the following strains: wild type, rsp5∆ (in Y0003 background) or rsp5 transformed with vector, YCp-HA-RSP5 or YCP-HA-rsp5-C777A (all containing plasmid bearing SPT231-686) as well as rsp5-w1, rsp5-w2, rsp5-w3 and wild-type strain (MHY501 background). Beads coated with Myo5-TH2-SH3 incubated with rhodamine-labelled actin and protein extracts from wild type cells displayed a bright fluorescent zone after 10 or 20 min of incubation (Figure 4A, 4B). In the presence of Lat-A the signal around the beads was abolished, a control that nascent actin polymerization was inhibited. Interestingly, experiments performed with extracts derived from the rsp5∆ strain revealed strong inhibition of actin polymerization following its initiation (Figure 4A). In control experiments the defect of rsp5 was fully complemented when the wild type RSP5 allele was expressed from a single copy plasmid but not by the rsp5-C777A mutant allele encoding an inactive protein with an amino acid substitution in the catalytic domain (Figure 4B). In these independent experiments patches of polymerized actin merged into a bright fluorescent zone in rsp5[RSP5] extracts after 10 min of incubation. Extracts from all the other rsp5 mutants tested, including rsp5-w3 with a double aa substitution in WW3, supported actin polymerization in a way comparable to that observed using extract from wild type cells (Figure S3). This indicates that the presence of Rsp5 is necessary for active actin polymerization but that none of WW1-3 domains individually are crucial for actin polymerization in this assay. 

Physical interactions between Rsp5 and actin cytoskeletal proteins
Binding of Rsp5 to actin cytoskeleton-associated proteins Sla1 and Rvs167 has been reported (Stamenova et al., 2004). Tong et al. also found an interaction between Rsp5 and Las17 in a yeast two hybrid screen (Tong et al., 2004). To study further the Rsp5-Las17 interaction, an in vitro GST pull-down assay was performed. Together with Las17 other candidates were chosen, among them proteins with a PY motif (Lsb1, Lsb2) and/or those known to interact with Las17 (Lsb3, Bzz1). We used a GST fusion protein expressing the WW2 and WW3 domains of Rsp5, since many substrate proteins specifically interacted with the WW2 and WW3 domains of Rsp5 and Lsb1 was found previously to bind WW3 (Hesselberth et al., 2006). Rvs167 interacts with WW domains of Rsp5 via a PY motif (Stamenova et al., 2004); thus a strain expressing Rvs167-GFP was used as a positive control. Specific and strong binding of Rvs167-GFP, Lsb1-GFP, Lsb2-GFP and Las17-GFP to GST-WW2/3 was observed, but no binding to the control GST in the same conditions (Figure 5A). The weaker interaction initially observed for Lsb3 and Bzz1 fused to GFP was not further explored. It cannot be excluded that the presence of WW1 in GST fusion would possibly enhance this binding. Thus, our in vitro studies suggest that the WW2 and WW3 domains of Rsp5 interact directly or indirectly with Rvs167, Lsb1, Lsb2 and Las17. 

Ubiquitination of Lsb1 and Lsb2 is dependent on Rsp5
To focus on cytoskeletal proteins and/or Las17-binding proteins which might be ubiquitinated we performed immunoprecipitations with anti-GFP antibodies using lysates from strains producing selected GFP-fused proteins. The immunoprecipitates were then probed with anti-ubiquitin or anti-GFP antibodies. As demonstrated in Figure 5B, Lsb1-GFP and Lsb2-GFP were clearly ubiquitinated. Ubiquitination was not observed for Bzz1, Las17, Myo3, Myo5 or Vrp1 fused to GFP in those and other experiments (not shown). Therefore, we focused in our further studies on the ubiquitination of Lsb1 and Lsb2. We prepared protein extracts from cells transformed with a plasmid bearing wild type ubiquitin or from cells in which ubiquitin was tagged with 6His and lysates were probed with anti-GFP antibodies. Ubiquitinated bands of Lsb1-GFP and Lsb2-GFP were detected and a shift between species formed in the presence of wild type ubiquitin and 6His-ubiquitin was clearly visible (Figure 5B-bottom). Given those results, we asked whether ubiquitination of actin cytoskeletal proteins depended on Rsp5. To check this, strains producing Lsb1-GFP or Lsb2-GFP were transformed with either an empty plasmid or a plasmid bearing RSP5 and protein extracts were prepared. The steady-state levels of those proteins were slightly increased after overexpression of RSP5, indicating that Rsp5 is probably not implicated in their degradation (Figure S2). Interestingly, enhanced ubiquitination of Lsb1 and Lsb2 was observed when Rsp5 was overproduced (Figure S2). Opposite results were obtained when the level of Lsb1-HA and Lsb2-HA was analyzed in wild type and rsp5-1 (substitution in the Hect domain) strains transformed with plasmid expressing LSB1-HA or LSB2-HA. The level of those proteins in the rsp5-1 strain was lower and they were less efficiently ubiquitinated as compared to wild type strain (Figure S2). This experiment also confirms that it is indeed Lsb1 and Lsb2 proteins that are ubiquitinated. Thus, we confirmed in vivo ubiquitination of Lsb1 and Lsb2 that had been shown recently in in vitro and proteomic studies (Gupta et al., 2007; Seyfried et al., 2008). All these results support the view that ubiquitination of the Lsb1 and Lsb2 proteins is Rsp5-dependent and that Rsp5 does not direct them for degradation. 

Rsp5 ligase affects the cellular level of Las17 in a Sla1-dependent manner
Since the overexpression of RSP5 results in hypersensitivity to Lat-A, similarly to overexpression of LAS17, and Rsp5 binds Las17 and ubiquitinates Las17-binding proteins Lsb1, Lsb2, Sla1 and Rvs167, we hypothesized that Rsp5 might affect the level of Las17. We analysed of the level of HA-Las17 expressed from the genomic copy in a wild type strain and in a strain overexpressing RSP5. Overproduction of Rsp5 from a single- or multicopy plasmid increased the level of HA-Las17 2.7 to 6.7 fold and was correlated with the Rsp5 level (Figure 6A). This effect was presumably due to an increased stability of Las17 upon RSP5 overexpression. 
Furthermore, we questioned whether binding of Rsp5 to Las17, and the increased level of Las17 upon Rsp5 overproduction might depend on the Las17-binding proteins Lsb1 and Lsb2. The LSB1 and LSB2 genes are not essential and individual deletions did not affect organization of the actin cytoskeleton. Also the double lsb1 lsb2mutant cells grow normally and have a properly organized actin cytoskeleton (M. Spiess, A. Michelot. A. Huber, D. Drubin, B. Winsor, manuscript in preparation). Western blot analysis of protein extracts of the double mutant lsb1 lsb2 bearing genomic HA-LAS-17 showed that the level of Las17 upon Rsp5 overproduction was also increased in the lsb1∆ lsb2∆ strain (4.0 to 7.7-fold compared to wild type level) but the basal level of HA-Las17 was already 2.2-fold higher (Figure 6A). The level of Las17 is upregulated upon Rsp5 overproduction but may also be upregulated in the absence of LSB1 and LSB2. However, the interaction of Las17-GFP with GST-WW2/3 domains of Rsp5 does not require the presence of Lsb1 or Lsb2 proteins as was shown in a a GST-WW2/3 pull-down experiment using extracts from lsb1∆, lsb2∆ and lsb1∆ lsb2∆ strains transformed with a multicopy plasmid bearing LAS17-GFP (Figure S4 and not shown). This suggests that other proteins such as Sla1 and Rvs167, both binding Rsp5 and Las17, mediate the interaction or it is direct. Thus, the role of Lsb1 and Lsb2 proteins in actin cytoskeleton functioning remains unclear and the effect of Rsp5 on the level of Las17 is rather not dependent on ubiquitination of these proteins.
	To address the question whether the increased level of HA-Las17 upon overproduction of Rsp5 is dependent on Sla1, the Rsp5 was overproduced in sla1 strain and the expression of HA-LAS17, integrated into the genome, was analyzed. Importantly, this analysis revealed that in a sla1HA-LAS17 strain the overexpression of RSP5 from single copy plasmid resulted in a decrease and not an increase of the Las17 level (Figure 6B) indicating that Sla1 and possibly its ubiquitination by Rsp5 might be required for Las17 stability.

Discussion

Studies in yeast have greatly enhanced our understanding of the molecular mechanisms controlling the endocytic pathway and its functional connection with the actin cytoskeleton (Galletta and Cooper, 2009). One of the factors important in endocytosis in yeast is the ubiquitin ligase Rsp5, responsible for the ubiquitination of cargo proteins required for their internalization (Dupre et al., 2004). Rsp5 has also been shown to affect the endocytic machinery (Dunn and Hicke, 2001a; Gajewska et al., 2001), a property that could result from its effect on the actin cytoskeleton. Here, we clearly show that Rsp5 is localized at sites of endocytosis where polymerized actin is transiently recruited, influences actin cytoskeleton organization, is involved in actin dynamics in vivo and in vitro, and interacts with several actin cytoskeleton-associated proteins. We also show ubiquitination of some actin cytoskeleton-associated proteins in an Rsp5-dependent manner. Moreover, we show that overproduction of Rsp5 increases the level of Las17, an activator of the actin nucleating complex Arp2/3.
In yeast cells, punctate cortical actin structures called actin patches were observed to colocalize, albeit only transiently, with many endocytic proteins (for review see (Engqvist-Goldstein and Drubin, 2003)). Live-cell imaging studies have recently revealed a highly regular timeline of events at endocytic sites. Different endocytic proteins are recruited to and disassemble from the endocytic sites in an ordered sequence (Kaksonen et al., 2006; Toret and Drubin, 2006). Four different modules have been defined: the coat, WASP/Myo, amphiphysin, and actin modules (Kaksonen et al., 2005). The yeast amphiphysin homologue and substrate of Rsp5, Rvs167, was shown to localize to the tubular area of the membrane invagination just below its clathrin-coated tip. Las17 and Bbc1, an inhibitor of Las17, both localize to the same area by electron microscopy (Idrissi et al., 2008). Among others, Las17 has the role of initiating actin polymerization at the endocytic sites. Rsp5 has been long known to be involved in endocytosis of numerous plasma membrane transporters and receptors but the dynamics of Rsp5 localization at the endocytic sites has not been defined so far. In our experiments, localization of the Rsp5-F1 fragment, containing the C2 domain and three WW domains was polarized to the regions of cell surface growth and sites of bud emergence . The localization of Rsp5-F1 in the cortical punctate structures was stable. Polymerized actin (marked by Abp1-mCherry) was recruited to some of those structures for a short time and then the actin patch was rapidly internalized, suggesting that Rsp5 is a protein arriving early at the sites selected for endocytosis. GFP-Rsp5 also colocalized temporarily with Abp1-mCherry. It would be interesting to compare the Rsp5-F1-GFP2 and GFP-Rsp5 cortical patch localization with that of other early endocytic proteins, such as Syp1 and Ede1 (Stimpson et al., 2009) and components of the WASP/Myo module (Kaksonen et al., 2003). 
Our experiments with rsp5∆ cells and wild type cells overexpressing RSP5 documenting defective actin cytoskeleton organization and abnormal cell morphology indicate a crucial function of RSP5 and its proper expression level in actin cytoskeleton functioning and maintenance of proper cell morphology. These two defects could in fact be the result of one mechanism since the actin cytoskeleton is fundamental for shape and size of the cell (for review see (Moseley and Goode, 2006)). Because Rsp5 has many substrates it is interesting to consider whether Rsp5 could affect the cell size also by an actin cytoskeleton-independent but cell cycle-controlled mechanism. On one hand, the actin organization was not changed in a strain lacking the C2 domain of Rsp5 and in the rsp5-1 mutant (results not shown) indicating that neither the C2 domain nor a full catalytic activity of Rsp5p is critical. On the other hand, our results showing resistance to Lat-A of the rsp5-w1 and rsp5-w2 mutants and hypersensitivity to Lat-A of strains overexpressing RSP5 suggest that Rsp5 is involved in actin cytoskeleton dynamics, and that the WW1 and WW2 domains are important for actin cytoskeleton stability.
An involvement of Rsp5 in actin cytoskeleton organization is further supported by the strong genetic interaction of rsp5 mutants with las17(this work) and with the arp2-1 and pan1 mutants (Kaminska et al., 2002), all affecting Arp2/3 complex-dependent actin polymerization. This involvement could include a Las17-independent mechanism since both rsp5 mutations and RSP5 overexpression were toxic to las17 cells and actin clumps were more dispersed in the latter strain. Las17, an Arp2/3-complex activator, is the key component of a multi-subunit complex that contains Vrp1, Myo3, Myo5 and several other SH3 domain-containing proteins. Myo3/5, Abp1 and Pan1 are also Arp2/3 activators (Chesarone and Goode, 2009). Vrp1 is important for Myo3/5 activation of the Arp2/3 complex and rsp5 is synthetic lethal with vrp1 (Zoladek et al., 1997). Rsp5 could also act by Las17-dependent mechanisms since Las17 binds Sla1, which inhibits the Las17-dependent Arp2/3 stimulation (Rodal et al., 2003). Sla1 interacts with Rsp5 and is ubiquitinated in an Rsp5-dependent manner (Lu et al., 2008; Stamenova et al., 2004). 
An involvement of Rsp5 in actin dynamics has been assessed in vitro. The Arp2/3 complex alone is an inefficient promoter of actin polymerization in vitro but becomes more efficient upon addition of Las17 or other activators. The N-terminal tail of Myo5 containing the TH2, SH3, and acidic domains was also shown to recruit the actin polymerization machinery and induce actin filament formation in vitro on glutathione sepharose beads  (Geli et al., 2000). Studies with yeast support a model in which the Las17/Vrp1/Myo3/5 complex could contain two sets of independent Arp2/3- complex activators in vitro: Las17 alone and the other activation function shared between Vrp1 and type I myosins (Lechler et al., 2001). Here we showed that in protein extracts from a rsp5 strain the actin polymerization is delayed compared to wild type extract and that this delay is also observed in an extract of a catalytically inactive rsp5-C777A mutant. The results of our in vitro experiments raise the question of whether Rsp5 enhances actin polymerization directly by enhancing further recruitment of the actin-polymerizing machinery, or whether it ubiquitinates actin cytoskeleton-associated proteins and thus affects their activity or the level in the extract, or both. We also cannot exclude an involvement of Rsp5 in actin depolymerization as this has not been directly tested. However, we favor the view that Rsp5 is a necessary component of yeast extracts to support Arp2/3-dependent actin polymerization in our in vitro assay.
Rsp5 recognizes a large number of substrates through its WW domains (Gupta et al., 2007). We showed that a purified, bacterially expressed fusion of GST with WW2 and WW3 domains of Rsp5 binds Lsb1, Lsb2  and Las17 in pull-down assays from yeast extracts producing the corresponding GFP fusion proteins. The Lsb1 interaction is in agreement with the results of a global analysis of binding partners of the WW domains of Rsp5 (Hesselberth et al., 2006). Lsb1 and Lsb2 both possess a PY motif. Our pull-down results clearly show that Las17 can interact with the WW2 and WW3 domains of Rsp5 but our attempts to confirm such an interaction of full-length proteins in vivo in a yeast two hybrid assay or using co-immunoprecipitation were unsuccessful. Only an interaction between a PRR fragment of Las17 (Soulard et al., 2002) and full-length Rsp5 was observed in two hybrid experiments (our unpublished results). Thus, it is possible that Rsp5 binds Las17 indirectly, via Las17-binding proteins. Overexpression of RSP5 had no influence on the localization of the different actin cytoskeletal proteins localized to actin patches, like Lsb3, Myo3, Myo5, Las17, Vrp1, and Rvs167 (as observed by fluorescence microscopy of GFP-tagged proteins; our unpublished results) which do not need F-actin for proper localization (Toret and Drubin, 2006). Thus, Rsp5 may affect rather the activity, stability, or interactions of actin-associated proteins. 
Part of the functions of Rsp5 in actin cytoskeleton organization may be the ubiquitination of actin cytoskeletal proteins and/or Las17-binding proteins. However, we were unable to detect ubiquitination of Myo3, Myo5, Pan1, Vrp1 or Las17 directly. We cannot exclude that these proteins might be ubiquitynated in certain conditions as it has been shown that N-WASP, a mammalian homologue of Las17, was ubiquitinated during neurite extension (Suetsugu et al., 2002a). Our current studies show that Lsb1and  Lsb2 are ubiquitinated. Ubiquitination of Lsb1 and Lsb2 depends on Rsp5 and does not appear to direct them for degradation. It was shown that Rsp5 preferentially modifies many of its substrates via formation of K63-linked ubiquitin chains (Kee et al., 2005; Kee et al., 2006; Kim and Huibregtse, 2009). This type of modification does not serve as a signal targeting to the proteasome. In contrast, all non-K63 linkages may target protein for proteasomal degradation (Xu et al., 2009). A possible link of K63-linked ubiquitin chains and the actin cytoskeleton is still very poorly documented. Paxillin, a multidomain protein that plays a role in cytoskeleton organization was shown to be modified by this type of ubiquitin chains, a modification influencing its localization at focal adhesion sites, likely by modification of its interactions (Didier et al., 2003). To find out if K63-linked ubiquitin chains or other specific type of chains are important for the functioning of the actin cytoskeleton we observed its organization in SUB strains expressing plasmid-encoded wild-type ubiquitin or various K-to-R mutated ubiquitin variants as their sole source of ubiquitin (Spence et al., 1995). Only the K48R mutant could not be tested since K48 linkages are essential for viability. Surprisingly, there was no defect of actin organization in cells unable to form K63-linked ubiquitin chains. Instead we found that cells that were unable to form K6-linked chains or K-33-linked chains had a changed organization of the actin cytoskeleton (our unpublished results). It seems that K6- and K33-linked ubiquitin chains are important at least for proper actin cytoskeleton polarization. However, other types of ubiquitin chains, like K63-linked, are also likely to be involved in actin cytoskeleton functioning but their absence seems to cause a weaker phenotype. 
What might be the role of ubiquitination of these proteins? Ubiquitin may alter the conformation of the protein, interfere with protein-protein interactions or create new binding sites to attract binding partners. Ubiquitination of Lsb1 or Lsb2 by Rsp5 may be involved in the regulation of their activity. Lsb1 and Lsb2 carry SH3 domains and some SH3 domains have an ability to bind ubiquitin (Stamenova et al., 2007). Thus, when the protein is ubiquitinated, the SH3 domain might also bind ubiquitin attached to the protein and form an autoinhibited conformation or interfere with other potential interactions. Regulation of Las17 activity is not fully understood. Human WASP has been shown to be negatively regulated by conformational changes but Las17 lacks the GTP binding domain which is required for such regulation and Las17 is not autoinhibited in this way (Rodal et al., 2003). Instead, Las17 seems to undergo some other type of negative regulation. Sla1 and Bbc1 have been shown to inhibit Las17 activity in vitro (Rodal et al., 2003; Tong et al., 2002), while Bzz1 acts as a positive regulator of Las17 (Soulard et al., 2002; Sun et al., 2006). Thus, it is possible that in certain conditions Lsb1 or Lsb2, ubiquitinated or not, may interact and regulate Las17 activity. Our experiments with HA-tagged Las17 indicate that Las17 levels are modulated by Rsp5. We found, however, that Lsb1 and Lsb2 are not required to observe this effect. It cannot be excluded that Lsb1 and Lsb2 might interact and regulate other proteins possessing PRR domains, like Vrp1 or Abp1. To date, the molecular functions of Lsb1 and Lsb2 have not been identified, although Lsb2 (Pin3) was found to be involved in prion induction by an unknown mechanism (Derkatch et al., 2001), and mutations impairing Rsp5-dependent ubiquitination of Lsb2 were shown to increase prion induction (Chernova et al., 2011). 
Our results indicate that Sla1 is required for Rsp5 to affect the level of Las17. Sla1 and an N-terminal fragment of Sla1 bind Las17 and inhibit Las17- and Arp2/3-dependent actin polymerization (Rodal et al., 2003). Rsp5 binds to aa 420-720 of Sla1 (Stamenova et al., 2004) but if this interaction is mediated by WW domains is unknown. Rsp5-dependent over-ubiquitination of Sla1 (in ubp2 strain) is coincident with processing of Sla1 to a smaller product of about 50 kDa (Lu et al., 2008). How ubiquitination of Sla1 or processed Sla1 are involved in the regulation of cellular Las17 levels is an interesting question for further investigation.
The integrity of the actin cytoskeleton and its ability to reorganize rapidly in response to external and internal stimuli is indispensable not only for changes in cell shape but also for a variety of intracellular functions. These properties of the actin cytoskeleton are regulated by a diverse array of actin-binding proteins which are thereby modulators of cellular dynamics and key components of signaling processes. Actin homeostasis in the cell involves maintaining a fine balance between various actin polymerization nucleators acting in actin patches and in other structures such as cables (Chesarone and Goode, 2009). Thus, the level of the Las17 activator is very important and might be tightly regulated. For example, in mammals neurite extension is regulated by the balance of  N-WASP phosphorylation (activation ) and degradation (inactivation) (Suetsugu et al., 2002b). We report here that the ubiquitin ligase Rsp5 plays an indispensable role in actin cytoskeleton dynamics and/or organization. Although our combined genetic and biochemical data clearly show that Rsp5 plays a role in actin organization, the exact role Rsp5 might play in regulation of this process remains to be elucidated. One possible mechanism could be the control of the cellular level of the nucleation promoting factor Las17 activator of actin nucleation important for actin polymerization homeostasis. Elucidating the detailed molecular mechanisms that couple Rsp5 and ubiquitination with actin cytoskeleton organization and dynamics remains a challenge for future experiments.
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Figure legends

Figure 1. Rsp5 localizes to peripheral punctate structures that do not depend on filamentous actin. (A) Confocal images of wild type cells expressing Rsp5-F1-GFP2 and Abp1-mCherry. Plasmid pIGinA-F1 bearing PGAL1-RSP5-F1-GFP2 was transformed into strain MKY156 carrying chromosomal copy of ABP1-mCherry. Transformants were grown overnight at 30°C in selective medium with raffinose as carbon source to OD600 of 0.2. Expression of Rsp5-F1-GFP2 was induced by addition of galactose to a final concentration of 2% and 4 h incubation at 30°C. (B) Dynamics of cell surface localization of Rsp5-F1-GFP2 and Abp1-mCherry viewed by confocal microscopy. Cells were grown as in A. Single frames at 20 s intervals of cell section are shown. Corresponding DIC image is shown. (C) Lat-A effects on Rsp5-F1-GFP2 and Abp1-mCherry localization. Cells grown as in A were treated or not with 1 M Lat-A and fluorescence was observed after 5 min by fluorescence microscopy and by DIC optics. (D) Confocal images of wild type cells expressing GFP-Rsp5 and Abp1-mCherry. Plasmid pRS414 bearing PGAL1-GFP-HA-RSP5 was transformed into strain KJK133 carrying a chromosomal copy of ABP1-mCherry.

Figure 2. Involvement of RSP5 in actin cytoskeleton organization and dynamics. (A) Actin cytoskeleton organization defects caused by overexpression or deletion of RSP5. Wild-type (JK131-2D, wt) cells transformed with empty multicopy plasmid [-] or plasmid YEp-RSP5 [RSP5]N were grown to mid-exponential phase at 30°C. Also strains rsp5∆ (rsp5::HIS3 [SPT231-686] see Materials and  Methods) and respective wild type (Y0003, wt) were grown to mid-exponential phase at 24°C. Cells were fixed, stained with Oregon-Green-Phalloidin and examined for fluorescence and with Nomarski optics. (B) Lat-A halo assay. Wild type (YYM4) cells transformed with either empty multicopy plasmid [-] or with plasmid YEp-RSP5 [RSP5]N were grown in SC-ura. Wild type strain (YYM4, wt) and strains with rsp5-w1, rsp5-w2 or rsp5-w3 genomic alleles (MS3, MS5 and MS7, respectively) were grown in YPD. Cells were plated, 0.25 mM Lat-A was applied on paper disks and zones of growth inhibition were observed after 2-3 days of incubation at 28°C. Lat-A halos are shown on the left and graphic representation of the relative ratio of halo area on the right.

Figure 3. Genetic interaction between RSP5 and LAS17. (A) rsp5-19 displays a synthetic growth defect with las17. Growth of tetrads from cross of rsp5-19 with las17 at indicated temperatures. (B) Wild type strain (YYM4, wt) and strains with rsp5-w1, rsp5-w2 or rsp5-w3 mutations were transformed with empty plasmid [-] or plasmid YEp-LAS17 [LAS17]N and grown in SC-leu. Cells were plated, 0.25 mM Lat-A was applied on paper disks and zones of growth inhibition were observed after 2-3 days of incubation at 28°C. Lat-A halos are shown on the left and their graphic representation on the right. (C) Overexpression of RSP5 inhibits growth of las17Growth of wild type (wt) or las17∆ strains transformed with either empty plasmid [-] or YEp-RSP5 [RSP5]N on SC-ura plates at indicated temperatures. (D) Cell morphology and actin cytoskeleton organization in the same transformants as in C grown at 23°C. Cells were observed by fluorescence microscopy and by Nomarski optics. 

Figure 4. Actin polymerization is inhibited in rsp5∆ cell extracts in vitro. (A) Wild type (wt) and rsp5∆ (containing plasmid bearing SPT231-686) strains were grown at 23°C to mid-exponential phase. (B) Wild type strain transformed with vector (wt [vector]) and rsp5∆ strain transformed with vector [rsp5[vector]), YCp-HA-RSP5 (rsp5[RSP5]) or YCp-HA-rsp5-C777A (rsp5[rsp5-C777A]), all also transformed with plasmid bearing SPT231-686, were grown at 23°C to mid-exponential phase. Extracts were prepared and in vitro assay was performed. Glutathione-sepharose beads coated with GST-Myo5-TH2-SH3 were added to protein extracts and incubated with ATP-regenerating mix and rhodamine-labeled actin. A halo of polymerized actin formed on beads surface and was detected at indicated times by fluorescence microscopy. As control, Lat-A, which abolisheds nascent actin polymerization, was added to samples before incubation. Representative results of three independent experiments are shown.

Figure 5. Rsp5 binds Lsb1, Lsb2 and Las17 and ubiquitinates Lsb1 and Lsb2. (A) Interactions between WW2 and WW3 domains of Rsp5 and Lsb1, Lsb2, and Las17 proteins. GST and GST-WW2/3 Rsp5 domain recombinant proteins bound to Glutathione-Sepharose beads were incubated with extracts from cells producing Rvs167-GFP (positive control), Lsb1-GFP, Lsb2-GFP, or Las17-GFP proteins. Total extract (T), not bound (NB) and bound (B) fractions were analyzed by Western blotting using anti-GFP antibody. (B) Ubiquitination of cytoskeletal proteins. Strains producing Lsb1-GFP or Lsb2-GFP  were grown to mid-exponential phase. Ubiquitinated forms of Lsb1-GFP and Lsb2-GFP were detected by Western blotting with anti-ubiquitin antibody after immunoprecipitation with anti-GFP. * - non-specific bands (upper panel). Strains producing Lsb1-GFP or Lsb2-GFP were also transformed with plasmid bearing gene encoding wild type ubiquitin (Ub) or with plasmid carrying His-tagged ubiquitin (His-Ub) gene under CUP1 promoter. Cells were grown to mid-exponential phase and induced for ubiquitin synthesis with 100 mM Cu2SO4 for 2 h. Modified and unmodified forms of Lsb1-GFP and Lsb2-GFP were detected by Western blotting with anti-GFP antibodies (lower panel). 

Figure 6. Rsp5 affects level and stability of Las17 and this effect is dependent on Sla1. (A) HA-Las17 steady state level is increased upon overexpression of RSP5. Strains expressing HA-Las17, JK131-2D (wt) and JK131-2B (lsb1 lsb2) were transformed with empty vector ([-]), YCp-RSP5 ([RSP5]) or YEp-RSP5 ([RSP5]N), grown in SC-ura at 28oC to OD ~0.8. (B) Strains KJK153-2D (wt) and KJK153-2A (sla1) expressing HA-LAS17 from genomic copy were transformed with empty vector ([-]) or YCp-RSP5 ([RSP5]), grown in SC-ura at 28oC to OD ~0.9. Protein extracts were prepared and analyzed by Western blotting using anti-HA antibody and anti-Pgk1 antibody (loading control). In the same extracts level of Rsp5 was monitored independently by using anti-Nedd4 antibody. HA-Las17 and Rsp5 levels were quantified by using Image Quant and normalization to Pgk1. One representative experiment of three is shown.

Suplemental materials

Figure S1. Defects of actin cytoskeleton organization and Lat-A sensitivity upon RSP5 overexpression depend on the presence of C777 codon. (A)Wild type strain was transformed with empty vector, YCp-RSP5 or YCp-rsp5-C777A plasmids. (B) Wild type strain transformed with vector (wt [vector]) and rsp5∆ strain transformed with vector [rsp5[vector]), YCp-HA-RSP5 (rsp5[RSP5]) or YCp-HA-rsp5-C777A (rsp5[rsp5-C777A]), also transformed with plasmid bearing SPT231-686. Cells were grow and stained as in Figure 2. (C) The same strains as in A were tested for Lat-A sensistivity. A representative image is presented and relative ratio of halo area resulting from six experiments is given. 

Figure S2. Steady state level of actin cytoskeletal proteins and their Rsp5-dependent ubiquitination. Strains producing Lsb1-GFP or Lsb2-GFP were transformed with YEp-RSP5 ([RSP5]N) or with empty plasmid ([-]), grown to mid-exponential phase and protein extracts were prepared. Western blotting was performed with anti-GFP, anti-Nedd4 recognizing Rsp5 (Cholbinski et al. in revision) and anti-Pgk1 antibodies. Nedd4 antibody was used to show Rsp5 overproduction and Pgk1 antibody was as loading control (left). Also wild type (MHY501) and rsp5-1 (PC10) strains transformed with single copy plasmid expressing  Lsb1-HA or Lsb2-HA were pregrown at 28oC and shifted to 28oC or 37oC for 2 h. Protein extracts were analyzed by Western blot using anti-HA antibody (right panel). * nonspecific band from parallel gel.

Figure S3. Actin polymerization in vitro is similar in rsp5-w2, rsp5-w2 and rsp5-w3 to that in wild type extracts. Cells of strains PC4 rsp5-w1, PC5 rsp5-w2, PC6 rsp5-w3 and MHY501 wild type were grown and processed as in Figure 4. 

Figure S4. WW2 and/or WW3 of Rsp5 bind Las17 independently of Lsb1 and Lsb2. GST-WW2/3 fusion protein was incubated with extracts from wt (BY4742) and lsb1∆ lsb2∆ strains transformed with plasmid YEp-LAS17-GFP. Total extract (T), not bound (NB) and bound (B) fractions were analyzed by Western blotting using anti-GFP antibody.

Video S1. Dynamics of cell surface localization of Rsp5-F1-GFP2 and Abp1-mCherry viewed by confocal microscopy. Images form this video are presented in Figure 1B.
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